Abstract. A self-regulating method for the control of spontaneous instabilities of the transversal beam profile in nonlinear optical systems is experimentally realized. The control method is the high-dimensional analogue of classical negative feedback regulators. An all-optical implementation with its capabilities of parallel processing is essential for the experimental feasibility. Unstable system-inherent transversal patterns are stabilized, including also the stationary homogeneous state. Even spatio-temporal disorder is removed in favour of the highly symmetric, stationary patterns and nearly without losses of output power. The manipulation of the output state is demonstrated to be noninvasive. This allows investigations of the otherwise inaccessible unstable patterns, for which an example is given.
Introduction
Two-dimensional patterns and related spatial or spatiotemporal effects are universal phenomena which can spontaneously appear in nearly all spatially extended nonlinear systems [1] . In nonlinear optics, such important technical devices as lasers, optical parametric oscillators, or optical parametric amplifiers belong to this class of systems. In most of their applications, a temporally stable and spatially homogeneous beam profile is demanded at a high output power. However, patterns and other structures, like spatiotemporally disordered states, occur just at the high output power of the devices. Hence, a control of such structures in the sense of suppressing them with minimum losses of the output energy would be very useful. Furthermore, it may be of value for other purposes in nonlinear optics to control spatially periodic patterns or similar structures. One example is an optical memory, based on a two-dimensional array of solitary spots [2] . In this case, the control could be used to keep the solitary spots pinned to a periodic grid.
Besides technological applications, controlling spatially extended systems can yield interesting new insights into processes of pattern formation. However, the control method must be noninvasive, i.e. it must not modify the properties of the controlled states, but change only their stability.
Pattern formation in the single-feedback system. In our investigations we use an optical single-feedback system. A variety of spontaneous pattern formation effects can be observed in this type of system [3, 4] . A reflective liquid crystal light valve (LCLV) serves as a nonlinear device. It is a multilayer structure consisting of a nematic liquid crystal (LC) layer ('read-out side') and a photoconductor layer ('write side'), divided by a dielectric mirror and a lightabsorbing layer. An AC voltage is applied to transparent electrodes which sandwich all layers. The impedance of the photoconductor locally changes depending on the intensity distribution of light incident to the write side. Consequently, the electric field dropping across the LC layer also changes locally and reorients the LC molecules. A plane wave is used to read out the changes of refractive index due to the birefringence of the LC. If, as in our experiment, the read-out wave is linearly polarized along the optical axis of the LC, it only experiences a local phase shift, whereas its polarization remains unchanged. By this transformation of an intensity profile to a phase shift profile, the LCLV performs as a defocusing saturable dispersive nonlinearity. Considering diffusion of the charge carriers in the photoconductor and relaxation processes due to elastic coupling in the LC, the phase shift (x, y, t) of the read-out beam can be described by
where ∇ 2 ⊥ is the transversal Laplacian, τ is the relaxation constant, l is the diffusion length and I w (x, y, t) is the intensity at the write side. The saturation function S(I w ) depends on the voltage applied to the LCLV and is proportional to I w for small intensities [5] .
The LCLV is installed in an optical feedback loop. A plane pump wave of intensity I p is phase modulated at the read-out side of the LCLV according to equation (1) . The reflected read-out beam subsequently propagates freely over the distance L and is then coupled back to the write side, thus closing the feedback loop. The intensity at the write side I w (x, y, t) is given by [3] 
where k λ is the wavelength of the light. Equations (1) and (2) constitute a model of our single-feedback system. Phase modulations are transformed by diffraction to amplitude modulations, which in turn modulate again the phase via the nonlinearity. This combination of a dispersive nonlinearity with diffractional spatial coupling and with feedback leads to the spontaneous formation of patterns in the transversal beam profile. In general, the output state (here I w (x, y, t)) of a patternforming system is dependent on a so-called stress parameter (here I p ), which drives the system. The obtained behaviour of the output state of our system is quite common to many of the pattern-forming systems found in nonlinear optics, in biology, in chemistry or in hydrodynamics. It is instructive to look at the state of the output intensity I w (x, y, t) under a variation of the pump intensity I p . Starting from small values of I p , the output state is homogeneous. Hereby, the continuous translational and rotational symmetry of the system is reflected. However, above a threshold I th of the stress parameter I p , the homogeneous output state spontaneously becomes modulationally unstable to small perturbations with a critical transversal wavenumber k c . A spatially periodic pattern with a pitch corresponding to k c becomes the new stable state. A manifold of states with transversal wavevectors of modulus k c , but with different rotational foldedness, may be inherent stationary states of the system. This corresponds to coexisting-but not necessarily multistable-solutions of the system equations (1) and (2) . Often, only a single solution is stable and observable in the experiment, while the others are unstable. One mechanism which selects the stable state is the nonlinear interaction of transversal wavevectors. In our experiments, the pattern slightly above threshold is a hexagonal arrangement of bright spots. A further increase of the stress parameter can lead to states with other symmetries. These states can be periodic patterns, but differently oriented domains of a pattern and disordered structures are also possible. In particular, we observe spatially disordered, but stationary, states at about I p ≈ 3I th , and even spatio-temporally disordered states at I p > 5I th . Figure 1(a) shows the stationary output state I w at I p ≈ 2I th . Partially it is a hexagonal pattern, but partially the spatial disorder sets in. Figure 1(b) is a snapshot of a spatio-temporally disordered state at I p ≈ 6I th . The origin of these disordered structures is not yet well understood, but is under current investigation [8] . It is important to note that in our experiment states with the same wavenumber and with different symmetries may coexist, but only one is stable and observable. It would be interesting to also investigate the unstable patterns. With an appropriate control technique they can be stabilized and analysed.
Control method.
A well known principle of classical regulation methods is the negative-feedback control. These control methods are purely temporal, i.e. only the time dependence of a single, space independent quantity is controlled. Examples are single-loop regulators in linear control technology (electronics) or feedback methods for the control of deterministic chaos. Three steps are characteristic for negative-feedback control. First, the deviation of the actual output state from the desired target state is determined.
Based on this deviation, an appropriate control signal is created in a second step. Finally, the control signal is fed back negatively to the system in order to discourage the detected deviation. By this means, the control signal automatically approaches very small values while the target state is asymptotically reached. In this sense the control method is self-regulating.
The control method implemented by us is the highdimensional analogue of the classical purely temporal negative-feedback control † methods. For an experimental implementation of control of spatially extended systems, sophisticated methods must be used, because a huge parallel flow of information has to be processed in real time. In recent years, theoretical suggestions for spatial or spatiotemporal control have been made [6] . However, to the best of our knowledge none of them has ever been experimentally realized due to the problem of handling the huge amount of parallel information flow. To overcome this problem, Martin et al [7] suggested the following trick. The target patterns of the control are spatially periodic and so they have compact representations in Fourier space. This fact can be utilized to facilitate the determination of the control signal: if the few Fourier modes that are constituents of the target pattern are cut off in Fourier space, the residual signal consists only of the deviations from the target state. After an inverse Fourier transformation, the entire x-y space can be affected by the simple manipulations in Fourier space. In optics, the necessary operation is well known as spatial filtering or Fourier filtering. The two-dimensional Fourier transformation and its inverse operation at the speed of light is provided by two simple lenses. The modes in their common Fourier plane can be filtered out by an amplitude mask, blocking the constituents of the target pattern and transmitting all other Fourier components. The third ingredient of a selfregulating control, the subtraction of the control signal from the actual signal, can be implemented interferometrically.
Inherent stationary solutions of the system can be stabilized by this method. It is crucial that the control signal decreases to very small values while the target state is approached. In this way, the impact on the system also becomes small, i.e. the method is noninvasive and may be used for investigations of unstable states. The Fourier space control method can be included in the model of the singlefeedback system by a modification of equation (2):
where F is the two-dimensional Fourier transformation and M represents the mask that cuts off the constituents of the target pattern. The factor s is the strength of the coupling of the control signal to the feedback signal. Numerical simulations have shown that the control strength can be smaller than one, still leading to a successful stabilization of different target patterns. The advantages of a smaller control strength are less losses during the control process and a weaker invasion into the system. † Negative-feedback control should not be confused with the single feedback in the pattern-forming system. In the following, we will avoid the term 'feedback' in the context of control and will use it exclusively linked to the single feedback. Experimental setup. Figure 2 shows the setup of the single-feedback system with the implementation of the control scheme. The almost homogeneous central part of an expanded beam emitted by a 2ν cw Nd:YAG laser (λ = 532 nm) is used to pump the system. The setup can be divided into the single-feedback loop and the additional control loop. First, the single-feedback loop will be described. The light travels through the feedback loop in the following sequence.
The incoming pump beam is reflected at the read-out side of the LCLV. From there it propagates freely over the distance L to the plane P. The subsequent optical components are needed to image the plane P onto the write side of the LCLV, avoiding any transformations such as transversal shifts, axial rotations, magnifications or reflections. The lenses L1 and L2 provide 4f imaging. On its further progress in the single-feedback loop, part of the light travels straight through beamsplitter BS2 and is then reflected by mirror M3. Part of the reflected light is reflected at beamsplitter BS2, and directed to the write side of the LCLV. The Dove prism (DP) is introduced to achieve an even number of reflections inside the feedback loop. The symmetry in the transversal plane would be broken a priori, i.e. not by pattern formation effects, for an odd number of reflections. Furthermore, the Dove prism can be used for correction of any unwanted axial rotations due to misalignments of mirrors. The light reflected at the entrance face serves for the detection of the output state I w by means of the cameras CCD1 (near field) and CCD2 (far field). Finally, lens L3 performs a 2f imaging onto the write side of the LCLV. In this way, plane P is imaged onto the write side, avoiding unwanted transformations and propagation effects in addition to those over the distance L. In many of the previously published experimental works on single-feedback systems, a spatial lowpass filter was used inside the feedback loop in order to cut off transversal wavenumbers larger than k c . In contrast, here we allow all wavenumbers, in particular spatial harmonics, i.e. linear combinations of wavevectors of the pattern, and unstable wavenumbers higher than k c . The experimental implementation of the control scheme is challenging, since the control wave and the signal wave have to be subtracted interferometrically almost without distortions or misalignments. A Michelson interferometer turned out to be most suitable, since the necessary degrees of freedom can be adjusted independently from each other. Beam splitter BS2 separates the propagated signal into the feedback loop and the control loop. L4, the Fourier mask and L5 constitute the spatial filter. The filter arrangement is passed for a second time after reflection at the mirror M4. The lenses of the filter also image the plane of mirror M4 such that there is no optical path difference between the control arm and the feedback arm. The two waves then interfere by BS2. The necessary destructive interference can be achieved by the Babinet-Soleil phase shifter PS. The control can be switched on and off by the shutter S1. The control strength s is adjustable by the transmission of the pellicle BS3, which depends on its angle with respect to the beam. The light reflected by BS3 is used for the detection of the control signal with the camera CCD3 or with the photodiode PD. Note that in this way the control signal is detectable even if it is not applied, i.e. if S1 is closed.
Fourier masks. Special care has to be taken in choosing the best design for the given conditions. The Fourier mask should only block all modes of the target pattern while transmitting all other modes. On the one hand, due to the nonlinear mixing, not only wavevectors with modulus k c but also higher spatial harmonics have to be considered. On the other hand, an infinitely extended periodic pattern is represented by δ-peaks in the Fourier plane, while existing experimental boundary conditions lead to a broadening of the Fourier peaks. The intrinsic broadening is given by the limited pump beam diameter. Several experimental insufficiencies, such as imperfections of the LC layer, result in additional external broadening.
Therefore, a compromise has to be found: choosing too large blocking spots in the design of the masks results in a poor definition of the spatial wavelength and of the azimuthal orientation of the target state, while too small blocking spots lead to a nonvanishing control signal. Based on theoretical estimates and experimental verifications we selected the final design of the Fourier mask as shown in figure 3 .
For the given propagation length L = 30 cm and a focal length f = 30 cm of lens L4, the critical wavenumber k c corresponds to a radius of 0.55 mm in the Fourier plane. To examine the broadening of the modes independently of the phenomena of spontaneous pattern formation, shutters S1 and S2 were closed and one of our feedback masks was installed and properly adjusted. Due to the absence of any feedback to the write side, the signal arriving at the Fourier mask thus consists just of the pump beam, reflected at the read-out side of the LCLV. Its Fourier representation is a broadened zeroth-order spot. It can be seen in figure 3(e) (CCD3) that only a small fraction consisting of a broadened part can pass the central blocking spot of the mask. The diameter of this central spot was chosen to be 230 µm. However, it is important to note that in contrast to the central spot the higher-order modes determine the scaling and the orientation of the desired pattern. Therefore, the best compromise ultimately resulted in choosing a diameter of 100 µm for the higher-order blocking spots. To produce accurate masks with high optical quality, plane glass substrates (λ/20) were covered with an 80 nm thick chromium layer by vapour-phase deposition and followed by a laser scanning lithography or electron lithography process.
Experimental results
Stabilized stationary patterns. We applied the control over a large range of the stress parameter I p , including also the regime of spatio-temporal disorder. Figure 4 shows the stabilized states in the stationary regime of the free-running system at I p = 100 µW cm −2 ≈ 2I th . All target states are stabilized using a control strength s = 0.4. This seems to be quite a high value, but s is defined as a ratio of fields and does not consider the effect of the Fourier mask. In fact, the power of the control signal does not exceed a few per cent of the power in the feedback loop during the entire stabilization process. One reason for this remarkably low control power is the blocking of the zeroth-order mode which does not contribute to the symmetry of the target pattern.
The successful stabilization of the squares and of the hexagons shows that these patterns are stable with respect to rolls. Otherwise, rolls would have been obtained instead of squares or hexagons, since as a subset of these target patterns they are also compatible with the corresponding Fourier masks. However, further experiments reveal that for a stabilization of squares their spatial harmonics with modulus √ 2k c are essential, even though they do not coincide with an unstable wavenumber. If harmonics are not considered, only rolls in one direction of the squares are stabilized in place of the square target pattern.
Our spatial control method is even capable of removing spatio-temporal disorder in favour of stationary patterns. Figure 5 shows the stabilized stationary states at I p = 300 µW cm −2 ≈ 6I th . It is obvious from the far fields that the spatial harmonics are an essential part of the patterns. The necessary control strength for the rolls, squares and hexagons is s ≈ 0.42, which is nearly as small as that in the stationary regime. For the stabilization of the homogeneous state a stronger control (s ≈ 0.65) is needed. In this case all instabilities with k = 0 must be suppressed, whereas in the other cases only the competition between coexisting solutions with k = k c needs to be influenced.
The control signal.
To verify quantitatively the noninvasive character of the control method, we analysed in detail the control signal itself. As mentioned before, the control signal should asymptotically vanish while the system is approaching the selected target state. In a real experiment permanent distortions like broadening, thermal drift of the alignment, or simply those arising from dust on the optical components, are always present. Figure 6 is a plot of the temporal evolution of the spatially integrated control signal, monitored with the photodiode PD. The procedure starts at t = 0 with the shutters S1 and S2 closed. This initial situation corresponds to the one in the discussion of figure 3(e): the signal at the monitoring photodiode consists of the broadened part of the pump beam's zeroth order which has passed the blocking central spot of the Fourier mask. This part will constantly contribute to the control signal and thus constitutes a background which has a value of about 1% of the signal power and is indicated in figure 6 by the dashed reference line. At t = t 0 shutter S2 is opened and a disordered pattern similar to that in figure 1 forms. Since it differs strongly from the target pattern, the (not yet applied) control signal reaches a maximum value of about 8%. At t = t on the control is switched on by shutter S1. The control signal immediately decreases while the output state changes towards the target state. In general, the decay time constant decreases for an increase of the control strength s. Furthermore, it diverges for a minimum value of s, below which the target pattern cannot be stabilized. After the decay, the control signal reaches a residual value of about 2.5%. One contribution is the discussed broadening of the Fourier peaks. Another part is due to permanent distortions that provoke a continuous agitation of the control. However, the fact that the target state can be stabilized and that the value of the control signal is small indicates that the system is at least very near to one of its inherent stationary solutions. At t = t off the control is switched off again and the released system state decomposes to a disordered state similar to figure 1.
Further information on the sources of the permanent deviations from the ideal target state can be drawn from the observation of the spatially resolved asymptotic control signal. Snapshots of the spatially resolved control signal for a stabilization of a hexagonal target pattern just before t on (control inactive) and shortly before t off (target state asymptotically reached) are shown in figures 7(a) and (b) respectively. The complexity of the control signals gives an impression of the amount of information which has to be processed in real time. Before the control is switched on ( figure 7(a) ), the system state, similar to that in figure 1 , differs from the target state. As a consequence, the control signal is large over the whole cross section of the beam. In general, this can even be the case if the actual state is already a pattern with the same symmetry as the target pattern, since the orientations may still differ. A noticeable contribution to the residual signal shown in figure 7(b) is located near the sharp edge of the pump beam. This demonstrates that the boundaries permanently drive the system state away from the ideal target state. Another contribution is located mostly in the central part of the beam profile. It is reasonable to suppose that this is due to experimental insufficiencies such as inhomogeneities of the LC layer in the LCLV. The control signal images are, in general, qualitatively similar for all target patterns, but sensitive to the alignment of the control loop. In particular, it is demanding to achieve a perfect overlap of the wavefronts in the two interferometer arms. Any distortions effectively result in local variations of the control strength s. In turn, they are reflected in the asymptotic control signal, if they are too large. These conclusions are confirmed by numerical simulations, where distortions are absent apart from artificially added noise. The computed near and far fields of the asymptotic control signal for stabilized squares are shown in figures 7(c) and (d). The control signal is almost zero everywhere apart from the area near the boundaries. In the far field it is evident that the broadened parts of the modes pass the Fourier mask.
Tracking unstable states.
With the help of control we can find the characteristics of the otherwise inaccessible unstable patterns. Under practical conditions, even in the case of patterns that are stable and thus in principle observable, the system is often not exactly in the pure state of the pattern. In particular, spatial inhomogeneities or boundaries destabilize the perfect patterns and lead to defects or disorder, especially at high pump intensities [8] . Consequently, the use of noninvasive control is essential for an analysis of the pure inherent patterns of the system. As an example for the power of the control implementation for an experimental investigation of pattern forming systems, we present the tracking of unstable states. This technique has been suggested and numerically tested together with the control method [7] . A similar experiment has been performed using a rather simplified version of Fourier space control [9] . By tracking we mean the observation of the power P in the nonzero modes of a pattern under a systematic variation of the stress parameter. Here, we present the following tracking experiment: under a slow decrease of I p (dI p /dt = −0.6 µW cm −2 s −1 ), the nonzero modes in the output state within an annulus 0.5k c < k < 2.1k c are detected. Hence, the measurement of P includes the fundamental k c modes and spatial harmonics, as well as the second and third unstable wavenumber bands in our system. Even higher modes are only weakly excited (see figures 4 and 5) and they are not considered in this particular measurement. The selection of the detected modes is realized by Fourier filtering the output signal with a mask in the focal plane of a lens (f = 1000 mm).
This mask only transmits the Fourier components within the desired annulus. All the transmitted light is collected by a lens with a short focal length (50 mm) onto a photodiode (not shown in figure 2 ) that yields a signal proportional to P . Figure 8 shows the result of such a tracking experiment for the uncontrolled state and for stabilized squares. Although the onset is not perfectly sharp, the curves are almost linear near threshold. A similar behaviour can also be found for stabilized rolls and hexagons. By linear extrapolation of the data in the range 60 µW cm −2 I p 100 µW cm −2 we can determine accurately the threshold of pattern formation. As expected, it is almost the same for the stabilized squares and for the uncontrolled system, leading to a mean value ofĪ th = 58 µW cm −2 . A linear stability analysis (LSA) of the model equations (1) and (2) yields a value independent of the pattern symmetry, in excellent agreement with the experimental value: I LSA th = 55 µW cm −2 . This demonstrates the accuracy of our quantitative model [4, 5] .
Conclusion and perspectives
We have demonstrated the full experimental implementation of a self-regulating control method for spatial patterns. The parallel processing advantages of optics for this highdimensional analogue of single-loop regulators are striking. Other remarkable facts with regard to technical applications are that even spatio-temporal disorder can be removed for the benefit of stationary states and that the homogeneous state can be stabilized. The noninvasive character of the method has been verified experimentally by an analysis of the control signal. Moreover, the control signal yields information on the effects that permanently drive the system away from an ideal state. By the tracking of unstable states we gave an example for the capabilities of noninvasive control as a tool for investigations of unstable inherent patterns.
The concept of Fourier space control is quite general and may also be applied to other nonlinear optical systems or, in principle, by the use of photo-sensitized materials, even to nonoptical pattern forming systems. Further experiments are aimed at the control of pattern defects by a combination of Fourier and real-space control which is easily feasible in our implementation. Another field is the application of control to solitary structures with implications for optical memories.
